The prefrontal cortex (PFC) is one of the latest brain regions to mature, which allows the acquisition of complex cognitive abilities through experience. To unravel the underlying gene expression changes during postnatal development, we performed RNA-sequencing (RNA-seq) in the rat medial PFC (mPFC) at five developmental time points from infancy to adulthood, and analyzed the differential expression of protein-coding genes, long intergenic noncoding RNAs (lincRNAs), and alternative exons. We showed that most expression changes occur in infancy, and that the number of differentially expressed genes reduces toward adulthood. We observed 137 differentially expressed lincRNAs and 796 genes showing alternative exon usage during postnatal development. Importantly, we detected a genetic switch from neuronal network establishment in infancy to maintenance of neural networks in adulthood based on gene expression dynamics, involving changes in protein-coding and lincRNA gene expression as well as alternative exon usage. Our gene expression datasets provide insights into the multifaceted transcriptional regulation of the developing PFC. They can be used to study the basic developmental processes of the mPFC and to understand the mechanisms of neurodevelopmental and neuropsychiatric
Introduction
Cortical development is a molecularly orchestrated process that begins prenatally and continues postnatally until late adolescence, arguably throughout the lifespan (Gogtay et al. 2004) . It consists of a complex series of dynamic processes that operate throughout the course of development to promote new neural structures and functions. The birth, proliferation, migration, cell death, differentiation, and target selection (axonal guidance) of neurons occur mainly prenatally (Webb et al. 2001; O'Leary et al. 2007; Vieira et al. 2010) . Postnatal developmental processes consist of dendritic growth, dendritic and axonal branching, synaptogenesis, synaptic pruning, and myelination (Fosse et al. 1989; Webb et al. 2001; Petanjek et al. 2011; Miller et al. 2012) . Homeostatic control and metabolic regulation are the main processes taking place in the adult brain (San Martin et al. 2014; Wang et al. 2014) .
The prefrontal cortex (PFC) is one of the last regions of the brain to reach maturation (Schubert et al. 2015) . The PFC receives input from many regions including all cortical regions and is involved in the execution of cognitive and emotional functions, such as decision-making, planning, social interaction, and impulse control (Amodio and Frith 2006; Siddiqui et al. 2008; Euston et al. 2012; Kolb et al. 2012; Feja and Koch 2014) . The prolonged development of the PFC allows the acquisition of complex cognitive abilities through experience (Kolb et al. 2012) .
The development of the PFC has often been studied in rodent models, because their development is faster than in humans, and it is easier to control environmental factors which can influence neurodevelopment. It has been shown that the sequence of key events in brain development is largely conserved between humans and rodents (Ongur and Price 2000; Semple et al. 2013) , which makes rodents useful models for studying neurodevelopmental processes. However, it should be noted that rats are born more immature than humans in terms of brain maturation (Pressler and Auvin 2013) . The first postnatal week in rats roughly corresponds to the third trimester of human gestation (Ko et al. 2014) . In addition, studies comparing rodent and primate PFC show that cortical areas are not only less segregated in rats compared with primates , they are also less numerous overall (Wang et al. 2012; Laramee and Boire 2014) . Furthermore, some studies suggest that the relative size of the PFC is larger in humans than in other species (de Bruin 1990; Rilling and Insel 1999; Schoenemann et al. 2005; Schubert et al. 2015) . These differences should be kept in mind when comparing rodent and human mPFC development.
While postnatal morphological changes in the PFC are well studied, less is known about the molecular changes underlying this. Several studies focused on the expression changes of protein-coding genes related to neurotransmitter systems (serotonin, gamma-aminobutyric acid [GABA] , glutamate) and to neurotrophin signaling pathways (Trkb, Bdnf) , showing different expression patterns during PFC development (Webster et al. 2002; Luberg et al. 2010; Lambe et al. 2011; Datta et al. 2015) . In addition, alternative exon usage is a process that occurs extensively in the nervous system to regulate receptor localization (e.g., Grin1, Grm1), axon guidance (e.g., Dscam), and synapse formation (e.g., Agrn, Nrxn1, Nrxn2, Nrxn3) (Grabowski and Black 2001; Lee and Irizarry 2003; Jenkins et al. 2016) . Furthermore, long intergenic noncoding RNAs (lincRNAs) have been shown to be involved in neurodevelopmental processes, such as neural stem cell maintenance and differentiation (e.g., HOTAIRM), neurogenesis (e.g., RMST), gliogenesis (e.g., SOX8OT), and neural plasticity (e.g., NEAT2) (Qureshi et al. 2010; Qureshi and Mehler 2012; Clark and Blackshaw 2014; Iyengar et al. 2014) . lincRNAs have been implicated in the regulation of the expression of protein-coding genes (Fatica and Bozzoni 2014) , especially of genes in their genomic vicinity (Cabili et al. 2011) . While most studies have focused on individual genes, several recent studies investigated the expression of protein-coding genes in the PFC on a genome-wide level using gene expression microarrays (Semeralul et al. 2006; Murphy et al. 2010; Somel et al. 2010; Colantuoni et al. 2011; Bakken et al. 2015) . In addition, the Allen brain atlas provides PFC expression data from a large set of genes at different time points during mouse (Allen Developing Mouse Brain Atlas 2015), nonhuman primate (NIH Blueprint Non-Human Primate NHP Atlas 2015), and human development (Miller et al. 2014 ; BrainSpan Atlas of the Developing Human Brain 2015). So far, only one study investigated genome-wide alternative splicing in the human PFC during development using RNA-seq (Mazin et al. 2013) and there are no studies focusing on lincRNA changes during PFC development. It is likely that changes in expression of protein-coding genes and lincRNAs as well as in the alternative exon usage of proteincoding genes together regulate PFC development, and therefore it is important to investigate the combination of these gene regulation mechanisms during PFC development on a genome-wide scale and in a temporal manner.
In this study, we performed transcriptome analysis during medial PFC (mPFC) development in male Wistar rats. We used different developmental time points (infancy [postnatal day {PND}8, PND14], [pre-] adolescence [PND21, PND35] , and adulthood [PND70]) and studied genome-wide protein-coding gene expression, lincRNA expression and alternative exon usage during development using RNA-sequencing (RNA-seq). We identify a genetic switch during mPFC development from neuronal network establishment in infancy to maintenance of neuronal networks in adulthood, which is supported by protein-coding and lincRNA gene expression dynamics as well as alternative exon usage patterns. Our study additionally provides a rich resource for future studies in neurodevelopmental and neuropsychiatric disorders.
Materials and Methods

Animals
Wistar rats (Rattus norvegicus) were bred, reared, and housed in individually ventilated cages (40 × 35 × 23, Greenline, Tecniplast, West Chester, PA, USA) in temperature-controlled rooms (21 ± 1°C) under standard 12-h light/dark cycle (lights on at 7:00 AM) with food (Sniff, long cut pellet, Bio Services, Uden, The Netherlands) and water available ad libitum. Pups were weaned at PND22. Male rats were sacrificed by decapitation at five different time points, PND8, PND14, PND21, PND35, and PND70. Three different nests per time point were used. All efforts were made to minimize animal suffering and to reduce the number of rats used. We used Wistar rats for this study because this is a commonly used rat strain in the laboratory. All experiments were carried out according to the guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (National Research Council 2003) , the principles of laboratory animal care, as well as the Dutch law concerning animal welfare.
RNA Extraction and Double-Stranded cDNA Synthesis
Five rat brain samples per time point were used for RNA extraction. mPFC tissue was dissected from seven (PND8 and PND14) or eight (PND21, PND35, and PND70) consecutive slices of 200 µm using a 2 mm punch needle. More information about the exact position of the punches is shown in Supplementary Fig. S1 . Total RNA was isolated with QIAzol (RNeasy lipid tissue kit; QIAGEN, Venlo, The Netherlands) according to the manufacturer's recommendations. From each sample, 2.5 μg RNA was used for rRNA depletion using the Ribo-Zero rRNA Removal Kit (Human/Mouse/ Rat, Epicentre, Madison, WI, USA) according to the manufacturer's recommendations. RNA fragmentation reactions were performed using fragmentation buffer (5×; 200mM Tris-Ac, 500 mM potassium-Ac, 150 mM Magnesium-Ac, pH 8.2) in a final concentration of 1× per reaction. Fragmentation reactions were incubated at 95°C for 4 min on a thermal cycler and placed on ice for 10 min. Fragmented rRNA-depleted RNA was purified using ethanol precipitation. First and second strand synthesis was performed as described by Kouwenhoven et al. (2015) .
Sequencing
DNA samples were prepared for sequencing by end repair of 5 ng total DNA as measured by Qubit dsDNA HS (Invitrogen). NEXTflex adaptors (Bioo Scientific, Austin, TX, USA) were ligated to the DNA fragments, followed by postligation cleanup using Agencourt AMPure XP beads (Beckman Coulter, Woerden, The Netherlands), library amplification by PCR (10 cycles) and size selection (∼300 bp) using Agencourt AMPure XP beads (Beckman Coulter). Quality control of DNA libraries prepared for sequencing was performed by qPCR and by running the products on a Bioanalyzer (Bio-Rad, Veenendaal, The Netherlands). Cluster generation and sequencing (50 bp, single end reads) was performed with the Illumina HiSeq 2000 sequencer according to standard Illumina protocols. Samples were sequenced to a depth of~29 million reads per sample. Reads were aligned to the rn4 rat genome assembly using the GSNAP program Nacu 2010), version 2012-07-20 .
Differential Expression Analysis
Expression quantification was performed using the Cufflinks program and differential expression analysis was performed using the CuffDiff program (Trapnell et al. 2013 ) version 2.2.1, using the Ensembl database ) version 69 rat transcriptome annotation. Cufflinks quantifies gene expression as Fragments per Kilobase per Million mapped reads (FPKM), which corrects for different transcript lengths and sample sequencing depths. These expression values are further normalized by CuffDiff across the samples in the experiment by scaling them according to the geometric mean of the samples. Based on these expression data, CuffDiff calculates differentially expressed genes between all pair-wise combinations of conditions (rat mPFC age in PNDs), taking replicates per condition into account and using a multiple testing-adjusted P value of <0.05. As CuffDiff uses sophisticated statistical models to calculate differentially regulated genes, no fold change or number of reads were required as cut-off to detect differentially regulated genes. Two outlier samples (WT14 21-3 and WT21 16-2) were excluded in the differential expression analysis. Clustering was performed using the Multi-Experiment Viewer (Howe et al. 2011 ) version 4.9. Gene Ontology analysis was performed using the DAVID website (Huang da et al. 2009 ) and PANTHER (Mi et al. 2016) .
lincRNA Analysis
Annotated lincRNAs were taken from the Ensembl database version 82 (rn6 rat genome assembly), and mapped to the rn4 rat genome assembly using the lift-over tool of the UCSC Genome Browser database (Rosenbloom et al. 2015) due to the lack of lincRNA annotation in the Ensembl database version 69 (rn4 assembly). Only 2305 of the 3023 annotated lincRNAs that could be completely transferred to the rn4 assembly were used. Differentially expressed lincRNAs were determined using the Cuffdiff program with an adjusted P value of <0.05. The set includes all lincRNAs that are significantly differentially expressed between any two time points. Protein-coding genes were taken from the Ensembl 69 (rn4) annotation, and the nearest genes to the lincRNAs were determined using the "closestBed" command of the BEDTools software suite (Quinlan and Hall 2010) version 2.25.0. Correlation analysis and plotting were done using the R statistical software package (R Core Team (2015) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project. org/). Gene ontology analysis of the set of closest protein-coding genes was performed using the DAVID website (Huang da et al. 2009 ). Human orthologs of rat lincRNA-neighboring proteincoding genes were obtained using the Ensembl BioMart webtool (Smedley et al. 2009 ), using Ensembl database version 85. Nearest human genes to these protein-coding genes were mapped using the "closestBed" command using gene locations obtained from Ensembl BioMart (database version 85). Classification of these nearest genes into protein-coding or lincRNA genes was based on the Ensembl "biotype" annotation of the genes.
Alternative Splicing Analysis
Alternative splicing analysis was performed using the DEXSeq (Anders et al. 2012 ) package (version 1.14.2) of the R Bioconductor Statistical Software Suite (Gentleman et al. 2004 ). This software package identifies alternatively expressed exons after normalization for differences in total gene expression levels. The RGSC3.4 (rn4) rat transcriptome from Ensembl database ) version 69 was used for this analysis. Mapping of rat alternatively spliced exons to the hg19 human genome assembly was done using the UCSC genome browser (Rosenbloom et al. 2015) lift-over tool, and overlap with human exons from the GENCODE (Harrow et al. 2012 ) version 19 annotation was done using the BEDTools "intersectBed" command.
GWAS Catalog (Welter et al. 2014 ) (https://www.ebi.ac.uk/ gwas/), spreadsheet version v1.0.1, downloaded on 22 August 2016. Genes were filtered using the GWAS Catalog trait ontology terms: "autism" (optionally followed by other words, e.g., "autism spectrum disorder"), "schizophrenia", "bipolar depression", "unipolar depression", and "attention-deficit hyperactivity disorder". GWASs combining multiple of these neuropsychiatric disorders were excluded. Ensembl BioMart was used to map the human GWAS genes to rat orthologs. For the enrichment analyses, rat cluster genes were first filtered for those that had human orthologs according to Ensembl BioMart (database version 85).
Quantitative Reverse Transcription Polymerase Chain Reaction
For validation of the RNA-seq, one gene per cluster (from kmeans clustering) was selected for quantitative reverse transcription polymerase chain reaction (RT-qPCR). Primers were designed using Primer3 online software (http://frodo.wi.mit.edu). See Supplementary Table S1 for primer sequences. Complementary DNA (cDNA) was synthesized using 500 ng of total RNA in a reverse transcription reaction using iScript cDNA Synthesis Kit according to the manufacturer's protocol (Bio-Rad, Veenendaal, The Netherlands). For the cDNA reaction, we pooled five rat PFC samples for each time point. qPCR reactions were performed in a 7500 Fast Real Time PCR System (Applied Biosystems, Foster City, CA, USA) using the SYBR Green fluorescence quantification system (GoTaq ® qPCR Master Mix, Promega Benelux B.V., Leiden, The Netherlands). Thermal cycling was initiated with incubation at 95°C for 10 min followed by 40 cycles of 95°C for 30 s and 60°C for 1 min. To normalize the cDNA content of the samples, we used the comparative threshold cycle method (Livak and Schmittgen 2001) , which consists of the normalization of the number of target gene copies versus the average of two endogenous reference genes, Gabbr1 and Kif5c (stable genes in the RNA-seq dataset throughout all ages based on the Coefficient of Variation [CV = stddev/mean]).
Results
Differentially Expressed Coding Genes
We surveyed the gene expression changes that occurred in the mPFC during rat postnatal development. Transcriptome analysis (RNA-seq) was performed in mPFC tissue of male Wistar rats sacrificed by decapitation at five different time points: PND8, PND14, PND21, PND35, and PND70. We performed pairwise comparisons across all time points and observed a total of 10 336 differentially expressed genes at a multiple testingadjusted P value of <0.05 using CuffDiff (Trapnell et al. 2013) and the rat transcriptome from the Ensembl database . More than 5000 genes are differentially regulated when gene expression is compared between PND8 and PND14 (2638 and 2447, down-and up-regulated, respectively) . This is the largest change across all comparisons between successive time points, and a continuous decrease in the number of differentially expressed genes with age was evident ( Fig. 1 and Supplementary Table S2 ). This suggests that the majority of the postnatal expression changes between successive time points take place in the first three postnatal weeks. The numbers of up-and down-regulated genes are similar for all pair-wise comparisons (Supplementary Table S3 ). Next, we investigated the functions of the differentially expressed genes between successive time points with gene ontology (GO) analysis (Ashburner et al. 2000) using the NIH DAVID website (Huang da et al. 2009) (Fig. 1 and Supplementary  Table S2 ). This analysis revealed that "cell cycle" (e.g., cyclinrelated genes, such as Ccna2 and Cdk4) and "translational elongation" genes (e.g., ribosomal proteins, such as Rpl18 and Rpl4) were significantly down-regulated during early development from PND8 to PND14 and from PND14 to PND21, while genes linked to "transmission of nerve impulse" (e.g., neurotransmitter receptors, such as Grin2a and Gabrd) were up-regulated in the same developmental period. In addition, genes linked to "myelination" (e.g., Cldn11 and Mbp) are up-regulated from PND14 to PND21. Between PND21 and PND35 genes linked to "cell adhesion" (e.g., cadherins, such as Cdh5 and Pcdha13), "vasculature development" (e.g., collagens, such as Col1a1 and Col1a2) and "cell migration" (e.g., Reln and Dcx) were down-regulated while genes linked to "translational elongation" (e.g., ribosomal proteins, such as Rps29 and Rpl5) were up-regulated. From adolescence (PND35) to adulthood (PND70), there was little change in gene expression ( Fig. 1 ) and no apparent enriched biological processes were detected in the GO analysis. Of interest, a shift from developmental processes ("cell adhesion", "neuron differentiation" and "cell migration") to maintenance ("translational elongation", "response to organic substance", and "metabolic processes") was detected between PND21 and PND35. We confirmed these findings using the alternative PANTHER (Mi et al. 2016 ) GO analysis website, including the switch in gene expression from developmental processes to metabolic processes or maintenance during postnatal PFC development (see Supplementary Table S2 ).
GO analysis
To investigate the overall patterns of gene expression changes during rat mPFC development beyond changes between consecutive time points, we clustered the total set of 10 336 genes that changed significantly between any two time points into nine clusters using k-means clustering (Multi-Experiment Viewer [Howe et al. 2011] ). From these nine clusters, several cluster pairs show mirrored patterns, namely clusters A and D, B and E, C and F, and G and H (Fig. 2) . The mirrored patterns of gene expression suggest that these two gene groups are involved in complementary processes. For validation of the RNA-seq analysis, we performed RT-qPCR for one gene per cluster. The selected genes are linked to the GO terms mentioned in Figure 2 . Our RT-qPCR validation showed that most of these genes have similar expression patterns to the RNA-seq data for all clusters ( Supplementary Fig. S2 ). In addition, we compared our gene expression data with human PFC expression data from Jaffe et al. (2015) . Generally, we observed similar expression patterns for both human and rat genes in all gene clusters ( Supplementary Fig. S3 ). To characterize the functions of the transcripts sharing common expression patterns during development, we performed a GO analysis using the NIH DAVID website on each cluster (Fig. 2 and Supplementary Table S4) . Consistent with the pair-wise comparisons, cell cycle genes are enriched in clusters D and E; both clusters show a continuous decrease in expression from the first postnatal week (PND8) until PND21, after which their levels either stabilize (cluster D) or continue to decline into adulthood (cluster E). These two clusters contain for example cyclins (e.g., Ccna2) and cyclin-dependent kinase enzymes (e.g., Cdk4 and Cdk6) which control the progression of cells through the cell cycle (Malumbres 2014; Loukil et al. 2015) . Additionally, "RNA processing", and in particular, translational elongation genes are enriched in cluster D and H, both of which show a strong decrease in expression in the second postnatal week followed by either stable levels up to adulthood (cluster D) or a slow increase in expression after PND21 (cluster H). These terms, which are associated with protein production rate, are also enriched amongst genes that are down-regulated during the progression from infancy (PND21) to adolescence (PND35) in the consecutive time point comparisons (Fig. 1) . Furthermore, consistent with the pair-wise comparisons, GO terms related to interneuronal communication ("ion transport", "transmission of nerve impulse", "cell-cell signaling", and "intracellular signaling cascade") are found in clusters A and G, which show increases in expression level during early development. Both clusters show a strong increase in expression in the second postnatal week, which is followed by either stable levels up to adulthood (cluster A) or a slow decline in expression after PND21 (cluster G). The two clusters contain, amongst others, neurotransmitter receptors, such as Grin2a and Gabrd, which are involved in the transmission of the neurotransmitters GABA and glutamate (Windpassinger et al. 2002; Endele et al. 2010; Bar-Shira et al. 2015) . Cell adhesion genes were up-regulated from PND8 to PND14 and expression gradually decreased after that (cluster F). The decrease in expression is also shown in the consecutive time point comparison. This cluster contains, for example, cadherins, such as Cdh5 and Pcdh12, which play important roles in cell adhesion, forming adherens junctions between cells (Friedman et al. 2015) . In contrast to the previous clusters that show enrichment of GO terms also enriched in the pair-wise comparisons, cluster B, which contains genes that increase gradually from the first postnatal week (PND8) until adulthood, is associated with genes involved in "homeostasis" (especially "ion homeostasis") and "protein phosphorylation". Finally, cluster I contained a relatively small set of genes with expression that oscillated in early postnatal development but stabilized in adulthood, which were enriched for "gliogenesis". This cluster contains, for example, Notch1, a receptor in the Notch signaling pathway, a pathway known to mediate prominent cellular events that result in gliogenesis (Taylor et al. 2007 ). We confirmed these DAVID GO analysis findings with the PANTHER GO analysis website, showing similar GO terms for each cluster (Supplementary Table S4 ). In summary, cluster analysis showed that expression of genes involved in "protein phosphorylation", "interneuronal communication", and "neuronal homeostasis" is increasing during postnatal mPFC development, while expression of genes involved in "cell proliferation" is decreasing during neurodevelopment. Of interest, similar to the pair-wise comparison, the switch from neurodevelopmental processes to maintenance around PND21 was also observed in the cluster analysis.
Clusters showing a decrease in expression after PND21 were related to "transmission of nerve impulse" (cluster G) and "cell adhesion" (cluster F), and clusters showing an increase in expression after PND21 were related to "translational elongation" (cluster H) and "homeostasis" (cluster B).
Next, we asked the question whether genes differentially regulated during mPFC postnatal development are relevant for neurodevelopmental and neuropsychiatric disorders. We found that indeed a number of the differentially regulated genes are known to have a function in (pre)frontal cortex development and are associated with disorders, such as intellectual disability, attention-deficit hyperactivity disorder, autism spectrum disorder, and schizophrenia (see review by Schubert et al. 2015) ( Table 1 ). The majority of these genes showed differential expression at the earliest time points (PND8-14 and PND14-21), which suggests that this early postnatal period is a more sensitive period for the onset of neurodevelopmental disorders compared with adolescence and adulthood. Furthermore, we examined the enrichment of genes identified by psychiatric GWAS studies in these clusters. Interestingly, we observed that genes with predominantly increasing expression levels during postnatal development (cluster A, B, C, F, and G) are enriched for GWAS disease genes (adjusted P < 0.05, Fig. 2 ; Supplementary Fig. S4 and Table S5 ). These genes are associated with neurodevelopment-related processes (clusters A, B, C, F, and G), with different clusters being associated with different disorders (Supplementary Fig. S4 ). Psychiatric GWAS genes are not enriched in gene clusters associated with the cell cycle or RNA processing (clusters D, E, and H) ( Fig. 2 and Supplementary Fig. S4 ).
Long Intergenic Noncoding RNAs
lincRNAs have been implicated in the regulation of genes in their genomic vicinity (Cabili et al. 2011) and they have been shown to be important in the dynamic nervous system. We therefore evaluated the expression patterns of annotated lincRNAs during mPFC development. Differential expression of lincRNAs across development was determined using the CuffDiff program (Trapnell et al. 2013) . We identified 137 of the 2305 lincRNAs that showed differential expression (adjusted P < 0.05) between any two time points across development (Supplementary Table S6 ). This proportion (6%) is lower than for the differentially expressed protein-coding genes (30%). This is likely, in part, due to the generally lower overall expression levels of lincRNAs Kcnh5, Gabra1 Mapk1, Prkcb, Htr2a Grin2a, Gabrd, Grm2 Adcy2, Tlr4, Pld1 Pink1, Tlk1, Tgfb1 Cldn1, Car2, Apoe Prpf4b, Rbm3, Rpl11 Cdk6, Kifc1, Sept2 Jub, Ccna2, Cdk4 Fzr1, Psma7, Fem1b Robo2, Cdh5, Pcdh12 Rpl5, Rpl26, Cpsf6 Clstn3, Th, Grik 4 Atp5d, CycS, Snca Grin2b, Shc3, Dlg2 Slc6a1, Vdac1, Crhr1 Txnip, Cav1, Socs3 Jag1, Tgfb2, Notch1 Notch1, Znf488, Sox10 Enrichment terms are shown per cluster and P values (corrected for multiple hypothesis testing using the Benjamini-Hochberg method) show significance level for the enrichment of the GO term. In the figure, similar GO terms are grouped into one "umbrella term", for example, synaptic transmission belongs to transmission of nerve impulse and translational elongation belongs to RNA processing. For each GO term, three example genes are shown. The last column shows enrichment of neuropsychiatric disorder (autism, schizophrenia, depression, and attention-deficit hyperactivity disorder) GWAS genes per cluster. It shows the −log10 transformation of the multiple testing-corrected P value (adjusted P value). Adjusted P value of 0.05 corresponds to 1.3 after −log10 transformation. 
( Fig. 3A) , which would make it more difficult to detect significant differences. As lincRNA expression has been found to be correlated to that of protein-coding genes in their genomic vicinity during mouse brain development (Ponjavic et al. 2009 ), we investigated the degree of expression correlation between lincRNAs and their nearest protein-coding genes during rat mPFC development. We found that, although the correlation is not clear for the full set of 2305 lincRNAs (Fig. 3B) , there is a clear positive correlation for the expression of the identified 137 differentially expressed lincRNAs and their neighboring protein-coding genes (Fig. 3C) . As lincRNAs are poorly annotated with respect to function, and given that they are frequently involved in the regulation of neighboring genes, we performed a GO analysis using the NIH DAVID website on the nearest protein-coding genes. Using the nearest protein-coding genes to all 2305 lincRNAs, GO analysis showed an enrichment of GO terms related to "neuron differentiation/cell projection" as well as "positive regulation of gene expression" (Table 2 and Supplementary Table S6 ). "Regulation of transcription" and some terms related to development (e.g., "positive regulation of cell differentiation" and "morphogenesis of a branching structure") were still present in the subset of 137 differentially expressed lincRNAs, although not significantly enriched (using Benjamini correction), probably due in part to the small number of genes (Supplementary Table S6 Table S6 ). Strongly correlated differentially expressed coding genelincRNA pairs were present in almost all clusters, except cluster H. Among the 32 strongly correlated coding gene-lincRNA pairs, several coding genes are linked to "neurodevelopment" (e.g., Wnt5a [Pino et al. 2011; Matsumoto and Kikuchi 2012] , Actr3b [Jay et al. 2000] , and Cbln1 [Kusnoor et al. 2010] ) and to "regulation of gene expression" (e.g., Khdrbs2 [Iijima et al. 2014] , Abra [Arai et al. 2002] , and Fos [Durchdewald et al. 2009 ]) (Fig. 4) . Most of the 32 strongly correlated lincRNA-neighboring gene pairs have an expression pattern that is linked to cluster A (n = 10), B (n = 8), and E (n = 6), based on the coding genes (Supplementary Table S6 ). The enrichment of lincRNA-coding gene pairs in these clusters (which are also the largest coding gene clusters) suggests that, based on the cluster GO terms, most of these pairs are involved in "neurodevelopment", "homeostasis", or "cell cycle". Expression of lincRNA-coding gene pairs linked to "neurodevelopment" (cluster A) increases during the early postnatal period and becomes stable after PND21, while expression of lincRNAneighboring gene pairs involved in "homeostasis" (cluster B) continues to increase after PND21. In addition, expression of lincRNA-neighboring gene pairs involved in "cell cycle processes" (cluster E) decreases with time, suggesting reduced proliferation. These GO annotation patterns for the lincRNAneighboring protein-coding genes suggest that around PND21 homeostatic processes start to exceed developmental processes. Given that lincRNAs are frequently involved in the regulation of neighboring genes, it is likely that the differentially expressed lincRNAs identified in this study are also important for this switch from development to maintenance. To examine whether these rat lincRNAs are conserved in humans, we sought to identify their corresponding human orthologs based on sequence similarity, but none of the 2305 rat lincRNAs could be mapped to human lincRNAs. It is known that lincRNA sequences are poorly conserved across vertebrates, but that their genomic locations are more often retained (Diederichs 2014) . We therefore compared the rat proteincoding genes neighboring these lincRNAs to their human orthologs to see if these also had neighboring lincRNAs. We found that 24.6% (375 out of 1527) of these human proteincoding orthologs did indeed have lincRNAs as their closest neighboring genes (Supplementary Table S6 ), indicating a higher level of conservation of lincRNA genomic location than sequence between the rat and human genomes.
Taken together, a subset of lincRNAs show differential expression during mPFC development which correlate with the expression of neighboring neurodevelopmental protein-coding genes, suggesting that these lincRNAs are involved in the regulation of neurodevelopmental gene expression and thereby indirectly contribute to shaping the developing brain.
Alternative Exon Usage
Alternative exon usage is a process that occurs extensively in the nervous system (Raj and Blencowe 2015) . We therefore surveyed alternative exon usage during rat mPFC development using the DEXSeq package (Anders et al. 2012) which detects differentially expressed exons after correcting for differences in overall gene expression. At an adjusted P value of <0.05, we identified 1634 differentially expressed exons in 796 genes. Of these genes, 491 also showed differential gene expression across development. Functional analysis of the 796 genes using the DAVID website (Huang da et al. 2009 ) showed an enrichment of GO terms related to "neuron differentiation/projection", "neurotransmission", and "cytoskeleton organization" and the "axon guidance" pathway (Table 3 and Supplementary  Table S7 ).
Of the genes with alternative exon usage, 166 showed differential expression of 5′ exons, and therefore differential promoter usage (Supplementary Table S7 ). A striking example is the protocadherin alpha gene cluster (Pcdha13), which is involved in the establishment of cell-cell connections and neuronal wiring in the brain (Chen and Maniatis 2013; Stoeckli 2014 ). This gene cluster has multiple alternative promoters that share the same 3′ exons, resulting in a set of transcript isoforms that differ only in their 5′ exons (Tasic et al. 2002) . These alternative 5′ exons encode variants of the extracellular region of this neurodevelopmental transmembrane protein, while the common 3′ exons encode the common intracellular region (Yagi 2012; Chen and Maniatis 2013) . For this gene cluster, the overall expression level decreases during mPFC development, but exons transcribed from the earlier promoters (exons E01, E02, E07), associated with longer genomic isoforms, are more strongly affected than those transcribed from the proximally located promoters (exons E11, E12, E13), leading to a quantitative shift in favor of the genomically shorter isoforms (Fig. 5A) . Five hundred and eighty-five of the 796 genes with alternative axon usage showed alternative splicing in internal exons (cassette exons or mutually exclusive exons). An interesting example of a gene with cassette exons is the neurotransmission-related gene synaptosomal-associated protein 25 (Snap25). Two isoforms (isoforms A and B) exist, with nine amino acid residue differences between the two isoforms, including a re-localization of one of the four cysteine residues (Nagy et al. 2005) . There is a switch from isoform A (incorporating exon E4) to isoform B (incorporating exon E5) during development (Fig. 5B) , which has also been shown in mice (Bark et al. 1995) . Two hundred and fifty-two genes harbored alternatively spliced 3′ exons. An example is Srgap2 (although the first 3′ exon does not reach the threshold of significance), which is involved in axon guidance. The shorter splice variants are more highly expressed in the later developmental stages (Supplementary Fig. S5 ). It should be noted that the group of alternatively spliced internal exons might also contain genes with alternative promoter usage, since a promoter exon can also be an internal exon if it is an inner promoter; additionally, some of the alternative 3′ or 5′ exons might have ended up in the group of genes with internal exons if the first or last exon was not above the significance threshold. Interestingly, the majority (1555 out of 1634, or 95%) of these alternatively spliced exons overlap with exon annotation in the human genome (Supplementary Table S7 ). Therefore, these exons could also be alternatively spliced in human PFC development. Indeed, comparison with 24 genes reported by a previous study to be alternatively spliced during human PFC development (Mazin et al. 2013 ) shows a statistically significant overlap with our rat alternatively spliced genes, despite different experimental and analytical methodologies (9 out of 24 genes are present in our 796 alternatively spliced genes; P = 1.3 × 10
In summary, alternative exon usage occurs in neurodevelopmental genes during rat PFC development, suggesting that dynamic exon usage may be important for proper brain development.
Discussion
We provide a comprehensive resource of gene expression in the rat developing mPFC from infancy to adulthood, including differentially expressed protein-coding genes, lincRNAs, and alternative exon usage in protein-coding genes. We show that most transcriptional changes occur in the first three postnatal weeks and the number of differentially regulated genes reduces toward adulthood. Besides providing a comprehensive resource, we describe expression patterns of different functional clusters of coding genes during mPFC development. We detected an expression pattern switch from genes involved in neuronal network establishment in infancy to those involved in neuronal homeostasis and maintenance in adulthood. This genetic switch is likely regulated by several parallel and/or complementary mechanisms including dynamic expression of protein-coding genes, lincRNAs, and alternative exons. In addition, we show that several differentially regulated genes are known to be involved in neurodevelopmental and neuropsychiatric disorders and that specific clusters of genes are enriched for GWAS genes that are associated with developmental and neuropsychiatric diseases, suggesting that the catalog of gene expression we generated in this study can also be used as a resource to study such disorders.
The gene expression patterns found in our rat mPFC developmental time course show substantial overlap with the gene expression patterns observed by Semeralul et al. (2006) , who studied mouse PFC development at five time points (2, 3, 4, 5, 
Pcdhac1 Pcdhac2
Gene model and 10 weeks old) using gene expression microarrays and found that the majority of expression changes occurred between postnatal weeks 2 and 4. This indicates that expression patterns of important pathways are highly conserved between rodents and therefore it is likely also conserved in different strains of rodents. Furthermore, in microarray studies of human (Colantuoni et al. 2011; Kang et al. 2011 , Table S5 ) and nonhuman primates (Bakken et al. 2015) , gene expression changes in PFC or neocortex are shown to be most obvious from birth through infancy, which is consistent with our RNAseq time course data (Fig. 1) . In a human RNA-seq study of PFCs across six life stages (Jaffe et al. 2015) , gene expression generally showed similar patterns as in our rat study (Supplementary Figure S3) , although the human expression data are noisier than the rat data (larger standard errors for the z-scores). The more homogeneous genetic background and more precisely synchronized ages of our rat mPFCs relative to the human postmortem PFCs probably contributes to the difference in variability levels between our rat and the human RNAseq data. Taken together, our rat mPFC RNA-seq analyses corroborate previous studies in different species of PFC gene expression during postnatal development, and highlight the conservation of gene expression dynamics during PFC postnatal development from rodents to humans. Our GO analysis of the differentially expressed coding genes between successive time points and of the genes clustered in the k-means clustering showed several GO terms that match with neurodevelopmental processes taking place during PFC development, and with findings from other studies. The decrease in expression of genes involved in the cell cycle (PND8-14, PND14-21, cluster D and E), as also described in mice by Semeralul et al. (2006) , is consistent with the decrease in production of new neurons and supportive cells as brain growth slows down and the brain matures. Mature neurons and supportive cells will enter a postmitotic state, which is in line with the decrease in expression of cell cycle control genes. Increased expression of genes involved in interneuronal communication (ion transport, transmission of nerve impulse, cellcell signaling, and intracellular signaling cascade, PND8-14, PND14-21, cluster A and G) coincides with the explosion of synapse formation during early brain development, known as exuberant synaptogenesis, which is important for the formation of brain networks (Kolb et al. 2012) . Ion transport by ion channels plays an important role in intercellular communication. Ion transport is essential for the regulation of action potentials (Lai and Jan 2006) . When an action potential arrives at the axon terminal, synaptic transmission occurs by the release of neurotransmitters, which bind to receptors on the postsynaptic neuron and activate downstream intracellular signaling cascades. Cell adhesion genes were up-regulated from PND8 to PND14 and expression gradually decreased after that (PND21-35, cluster F). The increase in expression may reflect synapse formation and ongoing migration of cells in early postnatal development that is guided by adhesion molecules (Togashi et al. 2009 ). The decrease in expression of cell adhesion genes starting from PND14 was also found by Semeralul et al. (2006) in mouse PFC tissue and may reflect specification of neuronal networks by elimination of exuberant undesired connections, a process known as synaptic pruning. Synaptic pruning is a process that is strongest around adolescence in both rats and humans (Blakemore 2008; Kolb et al. 2012) . In rats it occurs around PND30 in the PFC (Kolb et al. 2012 ) and a recent paper demonstrated that effective axon pruning requires destabilization of cell adhesion (Bornstein et al. 2015) . However, there are also studies in primates showing that synaptic pruning might differ between layers (Petanjek et al. 2008 ) and studies reporting an earlier peak of synaptic density around birth and only a slight though significant decline in synapses by pruning till 20 years of age (Bourgeois et al. 1994) . The upregulation of myelination genes from PND14 to PND21 as rats approach adolescence may reflect the stabilization of synaptic networks after the early period of exuberant synaptogenesis and synaptic remodeling (Kolb et al. 2012; Glasser et al. 2014) . Genes involved in homeostasis (cluster B), a state mainly present in the developed adult brain, increased gradually from the first postnatal week (PND8) till adulthood. Furthermore, a strong shift from developmental processes ("cell adhesion", "neuron differentiation", and "cell migration") to maintenance ("translational elongation", response to "organic substance", and "glucose metabolism") is detected between PND21 and PND35. From PND35 to PND70 gene expression changes become less dynamic, as is reflected in the lowest number of differentially expressed genes, suggesting that developmental processes are mostly finished at this stage and maintenance and homeostasis become more important activities in the brain. Adolescence starts around PND35 and is characterized by shaping of cognitive and emotional functions by synaptic pruning (Kolb et al. 2012) ; however, we do not see many gene expression changes in the mPFC during this developmental stage. Possibly the gene expression changes that are needed for effective pruning, such as decreasing the expression of cell adhesion genes, take place before adolescence starts. In addition, pruning is highly dependent on environmental factors and more expression changes might occur if rats are exposed to a variety of environmental triggers instead of keeping the environment relatively stable. Finally, it is worth bearing in mind that while this study only focused on postnatal neurodevelopment, there is also a lot of neurodevelopment going on prenatally (Schubert et al. 2015) .
The dynamic gene expression profile from infancy to adulthood implies that regulatory events of gene expression are important for the development of neuronal networks and that disturbance of these events (e.g., caused by environmental factors such as stress and drugs) might lead to abnormal functioning, often manifested in neurodevelopmental and neuropsychiatric disorders (Lewis 1997; Arnsten and Shansky 2004) . This is supported by the enrichment of genes associated with neuropsychiatric disorders amongst the genes that change in expression during postnatal rat mPFC development ( Fig. 2 and Supplementary  Fig. S4 ). In particular, genes that increase in expression during early life stages are associated with these disorders, while genes that decrease in expression do not show similar enrichments ( Fig. 2 and Supplementary Fig. S4 ). The former genes are generally associated with neurodevelopment-related processes while the latter are more associated with cell proliferation and housekeeping processes ( Fig. 2 and Supplementary Tables S4) .
Besides protein-coding genes, we also investigated lincRNAs. lincRNAs are involved in regulating the expression of neighboring genes (Cabili et al. 2011) , but so far they are poorly annotated (in rodents especially). There is one study describing eight lincRNAs that showed changes in expression during human cortex development; however, these lincRNAs had limited evolutionary conservation and were primate-specific (Lipovich et al. 2014) . Our rat mPFC-expressed lincRNAs similarly showed low sequence similarity with human genes, and none could be mapped to human lincRNAs based on sequence similarity. However, a quarter of the human orthologs of the rat proteincoding genes neighboring these lincRNAs were also located adjacent to lincRNAs, suggesting that these genes are also associated with lincRNA regulation in humans. lincRNAs can affect gene regulation in different ways and genomic location and RNA secondary structure are also often important for their function (Diederichs 2014) . We found lincRNAs with neighboring genes involved in neurodevelopment showing a strong coexpression (PCC > 0.75), which suggests that these lincRNAs are involved in the regulation of expression of their neighboring gene and thereby also the regulation of neurodevelopmental processes. An example is lincRNA ENSRNOG00000058571 with its neighboring gene Wnt5a (Fig. 4E ). Both show a small increase in expression from PND8 to PND14 and a decline after PND14, which matches with the role of Wnt5a in the regulation of cell migration and adhesion through focal adhesion dynamics (Matsumoto and Kikuchi 2012) . Another example is lincRNA ENSRNOG00000057609 with its neighboring gene Fos (Fig. 4A) , a transcription factor often used as a marker for neuronal activity. Fos knockout mice show impaired brain development (Velazquez et al. 2015a (Velazquez et al. , 2015b , suggesting that Fos has an as yet undefined role in neurodevelopment. Both, Fos and its neighboring lincRNA, show an increase in expression when new synapses are formed (PND8 till PND21) and subsequently a decrease in expression (Gubits et al. 1988) . This is consistent with the switch from neurodevelopment to maintenance. Several studies have shown that lincRNAs can act as enhancer elements, promoting the transcription of their neighboring coding genes (Orom et al. 2010; Orom and Shiekhattar 2011; Wang et al. 2011) . lincRNAs are also involved in epigenetic processes by recruiting and regulating chromatin-modifying complexes and in posttranscriptional regulation (Qureshi and Mehler 2012; Meller et al. 2015) . However, regulating the expression of the nearest proteincoding gene is only one of the functions of lincRNAs. There is also evidence that lincRNAs can work in trans rather than in cis, by regulating the expression of distant genes (Guttman and Rinn 2012) . Using these different mechanisms, lincRNAs can affect a variety of processes in neurodevelopment. It will be of interest to functionally test the differentially regulated lincRNAs identified in this study and search for human counterparts. Besides, lincRNAs small noncoding RNAs, such as miRNAs, are also important in brain development (Im and Kenny 2012) . However, we did not further investigate these small noncoding RNAs as our RNA-seq protocol is not suited to their accurate quantification (due to size selection for 300 bp fragments).
Analysis of alternative exon usage resulted in 1634 differentially expressed exons in 796 genes. We found several genes involved in axon guidance, neuron differentiation/projection, neurotransmission, and cytoskeleton organization, which are all processes that are highly important in early brain development. In human PFC development alternatively spliced genes seem to play roles in neurotransmission and cytoskeleton organization as well (Mazin et al. 2013) . As can be expected for protein-coding genes, there is good conservation between rat and human exons and almost all the rat alternatively spliced exons map to human exon annotation (Supplementary Table S7 ). In addition, a statistically significant 9 of the 24 alternatively spliced genes that were validated in human PFCs (Mazin et al. 2013 ) are also present in our list of genes with alternative exon usage (P = 1.3 × 10 −8
, hypergeometric test). This suggests that there is similarity between human and rat alternative splicing during PFC development, although a thorough systematic analysis would be required to confirm this. While it is known that widespread splicing changes occur in brain development (Mazin et al. 2013) , the functional implication of differential splicing is unknown for most of the variants. Some genes have been well studied, however, such as the protocadherin alpha gene cluster. This gene cluster is highly expressed during neurodevelopment (peak in first postnatal week), gradually concentrating in the synaptic region, with expression decreasing as the brain matures (Morishita et al. 2004; Zou et al. 2007 ). Chen et al. (2012) showed that the so-called C-type protocadherin isoforms (Pcdhac1 and Pcdhac2, incorporating exon 12 and 13, respectively), which have different properties compared with the A and B type isoforms, are primarily important for mediating neuronal survival, whereas the role of protocadherins in postnatal developmental processes like neuronal wiring requires isoform diversity. This suggests that C-type isoforms are more important for maintenance later in life, while others are more involved in developmental processes, such as neuronal wiring, which correlates with our expression data. In our analysis, a higher expression of C-type isoforms is shown later in life (PND35 and PND70) compared with earlier time points, whereas some non-C-type isoforms were higher expressed at the earlier time points (PND8 and PND14) (Fig. 5A ). Another interesting alternative splicing example is Snap25, encoding for synaptosomal-associated protein 25, which is a member of the SNARE complex involved in vesicular release of neurotransmitters. There is a switch from isoform A (incorporating exon E4) to isoform B (incorporating exon E5) during mPFC development (Fig. 5B) , as shown before in the brain (Bark et al. 1995; Kolk et al. 2004) . A study using mice overexpressing isoform A showed that the isoform switch alters the facilitation of synaptic transmission. This study suggests that the assembly of different SNARE complexes affects membrane fusion properties and that the developmental switch between Snap25 isoforms alters the efficacy of synaptic transmission that may contribute to the solidification of developing neural circuitries (Bark et al. 2004 ). The Srgap2 gene, involved in neuronal migration (Guerrier et al. 2009 ), showed alternative 3′ exon usage. In humans, the SRGAP2 gene has been duplicated three times in the human genome during evolution and one of the shorter variants dimerizes with the longer variant to inhibit its function (Charrier et al. 2012) . It might be that the shorter splice variants in rats (although different from the human duplicates) have a similar function and therefore are expressed higher in later developmental stages during which neuronal migration and neuronal differentiation are less important ( Supplementary  Fig. S5 ). However, for most genes, it is still unknown what the functions of the different variants are. Further research is needed to unravel the function of all the different transcript variants found during mPFC development in rats.
Changes in the expression of protein-coding genes, lincRNAs and changes in exon usage together facilitate neurodevelopment and the switch to maintenance. The overall expression of protein-coding genes can be affected by both lincRNA regulation and alternative exon usage. Abra, encoding for actin-binding Rho activating protein which acts as an activator of serum response factor-dependent transcription, is an example of a gene showing differential expression during development (Cluster B, Supplementary Table S4) that might be influenced by alternative exon usage and lincRNA regulation. Abra shows alternative exon usage (Supplementary Table S7 ) and is in the close proximity of a differentially expressed lincRNA showing a strong coexpression (Fig. 4B ). It will be of interest to investigate the function of this gene during postnatal brain development.
Summarizing these results, we find a clear switch in gene expression patterns from regulation of network formation to maintenance around PND21. This switch is probably important for creating a mature PFC directed to the execution of cognitive and emotional tasks that is less susceptible to the environmental factors during development. The dynamic gene expression during PFC development shown in this study also emphasizes the developmental stage-specific nature of the expression of many PFC genes, highlighting the importance of taking developmental stage into consideration when studying specific genes involved in PFC development or related diseases.
It should be noted that we used punched mPFC tissue (prelimbic and a little infralimbic) in our analysis, which is a mixture of different cell types. Nevertheless, we could detect gene expression in processes occurring in different cell types of the PFC. For example, from PND14 to PND21 we observed an upregulation in expression of genes linked to myelination and genes involved in neurotransmission. Neurotransmission is a process occurring in neurons, while myelin is made by oligodendrocytes. Myelin forms a layer around the axons of neurons and increases the speed of neurotransmission. Our data suggest that from PND14 to PND21 oligodendrocytes are relatively more important than at other time points where neuron-related processes are the major enriched GO terms associated with differentially regulated genes. However, single cell RNA-sequencing (Zeisel et al. 2015) or selecting a specific cell type using fluorescence-activated cell sorting might give more insight into PFC gene expression per cell type. Furthermore, a more comprehensive study involving different brain regions and other tissues would be required to determine whether the expression changes we found are PFC-specific, cortex-specific, or brain-specific. Another interesting direction for future research is the investigation of gene expression in layerspecific circuits during postnatal development for example in dorsolateral PFC layer three microcircuits, which are important for working memory and are linked to schizophrenia (Hoftman and Lewis 2011) . Furthermore, it would be interesting to investigate the link between gene expression changes and the development of PFC-dependent behavior, such as social behavior, emotion regulation, decision-making, and attention. The investigation of the functions of different splice variants of neurodevelopmental genes will also give valuable new insights into the role that alternative splicing plays in PFC development.
In conclusion, we provide a data resource of temporal gene expression in the developing mPFC from infancy to adulthood. We showed that gene expression is dynamic during postnatal development and identified a clear genetic switch from neuronal network establishment in infancy to maintenance in adulthood. This genetic switch is likely controlled by complementary regulatory mechanisms of protein-coding gene expression, lincRNA expression and alternative exon usage. Together with other studies (e.g., Semeralul et al. 2006; Somel et al. 2010; Colantuoni et al. 2011; Mazin et al. 2013; Cembrowski et al. 2016) , our study makes an important contribution to the effort of completing the "brain map". Our multifaceted genome-wide gene expression dataset can be used to study the basic developmental processes of the mPFC and to understand the mechanisms of neurodevelopmental and neuropsychiatric disorders.
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